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Effect of the Beam-Beam Interactionson the Dynamic Apertureof the LHC at
Collision *
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Abstract

The dynamic aperture of theLHC at collisionenergy islim-
ited by the field errorsin the IR quadrupoles being built at
FNAL and KEK. The300urad crossing angle, incorporated
in the design to reduce the effect of the long-range beam
beam interactions, enhances the effect of the multipoleson
the dynamic aperture. We have investigated the possibility
of adifferent crossing anglewithamoreaccurate modelling
of the long-range interactions. Tune scans have been done
to determine if a better choice of the tunes exists.

1 INTRODUCTION

At collisionenergy, nonlinear fieldsintheinteractionregion
(IR) quadrupolesare the most important in determining the
dynamic aperture of the LHC. The field quality “seen” by
the beam whiletraversing these quadrupol es dependson the
crossing angle of the beams at the IP. A study of the dy-
namic aperture, taking into account only the nonlinearities
of the IR quadrupoles [1], had assumed a crossing angle
of 300urad. Thiswas based on an earlier study [2] which
had determined thisto be the optimum value when both the
IR quadupole fields and beam-beam interactions were in-
cluded.

On each side of the IR, there are fifteen long-range in-
teractions, six of which occur in the drift space before the
first quadrupolewhiletheremaining nineoccur inthetriplet
quadrupoles or in the drift spaces between them. Over the
drift region the beams are round and the dimensi onl ess sep-
aration Ds.,, between the beams (measured in units of the
rms beam size) staysnearly constant and equal to the cross-
ing angle measured in units of the beam divergence at the
IP. Once the beams are focused by the triplets, Dy, iSno
longer constant. Figure 1 shows, for example, that with a
crossing angle of 300urad, the separation varies between
7.80 t0 13.60. In addition withinthetriplets, the beams are
no longer round and the aspect ratio varies between 0.6 to
1.9. The phase advance from the I P to the locations of the
long-range kicks varies from 82° to 89° through the drift
section while within the triplets, it remains nearly constant
a 90°. In order to reduce tracking time, earlier studies of
the impact of the beam-beam interactions on the dynamic
aperture made severa approximationsin treating the long-
range interactions, viz. i) the phase advances between the
long range kicks are negligible, ii) the beams are round at
all locations of thelong rangekicks, and iii) the dimension-
less beam separation stays constant. Aswe have seen, these
assumptionsbreak down indifferent regionswithinthelRs.
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Figure 1: The separation between the two beams at each
of the 30 parasitic crossingsin a high luminosity IR for to-
tal crossing angles of 100, 200 and 300 urad. The separa-
tion, measured in units of the rms size of abeam, stayscon-
stant within the drift section (kicksfrom -6 to +6) but varies
within the triplet quadrupoles.

In order to determine the optimum crossing angle more ac-
curately, we have not made any of these approximations.
Another reason for asecond look at thisissueisthat the er-
ror harmonics in the IR quadrupol es have changed signifi-
cantly since the last study was done. Specificaly, reduced
measurement errors have lowered estimates of high order
harmonics by nearly an order of magnitude.

Among the several issues associated with the crossing
angle geometry are: reduction in luminosity, orbit offset in
IR quadrupoles which reduces the physica aperture, dis-
persion wave generated by the orbit offset, increase in the
strength of the coupling, change in the beam-beam tune
spreads, excitation of synchro-betatron resonances etc. The
optimal crossing angle will ultimately be determined dur-
ing operations. Our aim here is to study the impact of the
choice of crossing angle on therequired field quality of the
IR quadrupoles and the complexity of correction schemes.

2 LATTICE DESCRIPTION

The version used is derived from the MAD lattice V5_1.
The only lattice nonlinearities are the chromaticity correct-
ing sextupoles and the systematic and random errors of the
body harmonics of the triplet quadrupoles but not the un-
certaintiesin the systematic nor the errorsin the ends. Two
different codes TEVLAT and MAD were used for tracking
to 102 turns.

Sixteen of the thirty two IR quadrupolesare to be built at
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Table 1: Design field harmonics, at a reference radius of
17mm, of the IR quadrupolesto bebuilt at FNAL and KEK.
KEK1 refers to the first version. In the revised version
(KEK?2), |{b10)| < 0.25. Harmonics are expressed in units
of 10~

Fermilab [3] and the other half will bebuilt at KEK [4]. The
designs of the cross-sections of the quadrupoles at the two
laboratories differ and so do the expected error harmonics.
Earlier plans had called for the magnetsin one of the high
luminosity insertions IR5 to be built at Fermilab while the
magnets in the other high luminosity insertion IR1 would
be from KEK. In part due to the non-zero design vaue of
(b1o) inthe KEK magnets, it is presently proposed that the
outer magnets Q1 and Q3 of each triplet be KEK magnets
and the inner two magnets Q2a and Q2b (where the beam
sizeislarge) be Fermilab magnets.

3 DYNAMIC APERTURE

It isdesirableto keep the minimum beam separation greater
than 50 so the crossing angle must be greater than 100urad.
We have calculated the dynamic aperture for various sce-
narios with crossing angles ¢ intherange 100 urad < ¢ <
300 prad.

Intheinitial studies, particleswere tracked assuming that
the error harmonics of dl thetripl et quadrupol eswere those
of the Fermilab quadrupoles. Subsequently the first, and
later second, version of the KEK error harmonicswasincor-
porated in the lattice. Table 2 shows the dynamic aperture
calculated for all these different cases at aconstant crossing
angle of 300urad but without the beam-beam interaction.
Thelarge value of (b19) = —1 in KEK1 leads to a signifi-
cant dropin the dynamic aperture of about 20. The reduced
vaue (b1p) = —0.25 in KEK2 improves the dynamic aper-
ture by about 20. Mixing the magnets as described earlier
further increases the dynamic aperture by .60. In the fol-
lowing, all tracking cal cul ations assume the mixed magnets
scenario.

The beam-beam interactions are modelled in a similar
fashionin TEVLAT and MAD, e.g. each kick istreated in-
dividualy withtheproper beam separation and the Bassetti-
Erskine expressions are used for kicks from non-round
beams. As a check, the tune footprint with only the beam-

Normal Skew IR Magnet Description (DA) £ 0(pa
n [(by), dby, o(by)] [ {an), dan, o(an)] FNAL only 112+17
FNAL/KEK1 FNAL/KEK1 FNAL + KEK1((b10) =-1) 9.0+ .9
3 0,.3,.8/0,.51,1.0 0,.3,.8/0,.51, 1.0 FNAL + KEK2({b10) =-0.25) 11+11
4 0, .2,.8/0,.29, .57 0, .2,.8/0, .29, .57 (no mixing )
5 0, .2,.3/0, .19, .38 0,.2,.3/0, .19, .38 FNAL + KEK2({b10) =-0.25) 11.74+£12
6 0, .6, .6/0, .5, .19 0, .05,.1/0, .10, .19 (withmixing)
7 0, .06, .06/0, .05, .06 0, .04, .06/0, .05, .06
8 0, .05, .05/0, .02, .03 0, .03, .04/0, .02, .03 i ) )
9 0, .03, .03/0, .01, .01 0, .02, .02/0, .01, .01 Table 2: Dynamic aperture (with TEVLAT) with only sys-
10 || 0, .03, .03/-1.0, .03, .01 || 0,.02,.03/0, .01, .01 tematic and random errorsinthe body of thel R quadrupol es

and without the beam-beam interaction.

beam interactionsat acrossing angle of 300urad was cal cu-
lated with TEVLAT at amplitudes up to 60 and compared
withthat found by MAD [6]. Thetuneshiftswithamplitude
agreed to within 10%.
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Figure 2: The dynamic aperture (in units of the rms beam
size) calculated with TEVLAT at different aspect ratiosin
emittance space for different crossing angles. Triplet errors
and the beam-beam interactionsareincluded. The dynamic
aperture clearly decreases with increasing crossing angle.

Figure 2 shows the dynamic aperture, averaged over 20
seeds, as a function of the transverse emittance ratio for
three crossing angles. We observe that as the crossing an-
gle increases from 100 to 300 urad, the dynamic aperture
decreases. We have aso calculated the dynamic aperture
at crossing angles of 150, 225 and 250 pradians. Taken to-
gether, our results show that the dynamic aperture, even af -
ter including the beam-beam interactions, decreases nearly
monotonicaly at al emittance ratios as the crossing angle
increases.

Two different distributionsof 20 random seeds were used
with TEVLAT and MAD. Table 3 shows that the results
from the two codes, both without and with the beam-beam
interaction, are within 1-1.5 o of each other. Some of these
differences may be due to the different seeds used and are
within the statistica uncertainties of the averages. Both
of these codes show clearly that the dynamic aperture de-
creases with increase in crossing angle. This table aso
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¢ (DA) £ o(pa) (DA) £0(pa)
(urad) TEVLAT MAD
Beam-beam Beam-beam
OFF/ON OFF/ON
1000 | 15.0+0.9/14.7+1.1 | 13.8+1.1/13.3+1.0
200.0 13.8 £0.8/12.44+1.1 129+1.2/12.7+1.1
3000 | 11.7+1.2/11.0£+1.1 | 11.6+1.6/12.04+1.3

Table 3: Dynamic aperture without and with the beam-
beam interaction cal culated with TEVLAT and MAD at dif-
ferent crossing angles. The averages are over emittance
space and over 20 random seeds.

Relative histogram
Relative histogram

Relative change in amplitude (log) Relative change in amplitude (log)

Figure 3: Normalized histograms of the relative amplitude
growth (shown on alog scal€) due to the resonances 2v,, +
vy, = 186 (left) and 2v, + 21, = 245 (right). The his-
tograms represent data from tracking with 30 seeds.

shows that the effect of the beam-beam interactionsis a-
ways small compared to that of the IR quadrupolefields.

At a crossing angle of 300urad, tracking results have
shown that higher order multipoles beyond b1¢, a9 aso
have an impact on the dynamic aperture[5]. We expect that
the higher orderswill have asmaller effect at smaller cross-
ing angles due to the reduced feed-down.

4 RESONANCESAND TUNE SCANS

Among the low order resonances we have identified two,
the skew third order resonance 2v,, + v, and the normal
fourth order resonance 2v,, + 2v,, as being driven strongly
by the IR quadrupole nonlinearities. Figure 3 shows the
normalized histograms, obtained with 30 seeds, of relative
amplitude growth dueto these resonances. For example, in
more than 85% of the cases, the 2v,, + 21, resonance leads
to a larger than 10%*fold amplitude growth. Compensating
these resonances with the MCBX and MCQS correctors
may improve the dynamic aperture. Since the beam-beam
interactionsdo not have asignificant impact on the dynamic
aperture at the crossing angles of interest, any correction
scheme devised to correct for the nonlinearities of the IR
quadrupol es should be adequate even when the beams col -
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Figure4: Tune scan of thedynamic aperturewith aconstant
tune split, v, — v, = 0.01. The vertica line representsthe
designtune, v, = 0.31, v, = 0.32.

lide.

A tunescan a ong thediagonal in emittance space and av-
eraged over 10 seedsisshownin Figure4. Thetune splitis
kept constant at v, — v, = 0.01. Thisfigure suggeststhere
exist possible tunes with dynamic apertures larger than at
the chosen tunes. More detailed tracking studies, includ-
ing tracking for off-momentum particles undergoing syn-
chrotronoscillations, will berequired to confirmthe prelim-
inary results shown here,

5 CONCLUSIONS

Our results suggest that the target dynamic aperture of 120
can be achieved with a200urad crossing angle, use of non-
linear correctors and the present design harmonics of the
IR quadrupoles. It is currently expected that tuning shims
will not be included in the final cross section design given
the continuingimprovement in field quality seen in thefirst
moded magnets[7]. At 200urad, theshimsare evenlessof a
requirement and also the nonlinear correctors strengths are
reduced. Our tune scans suggest that the dynamic aperture
may beimproved by a different choice of working point.

Thanksto J. Gareyte, H. Grote, J. Kerby, J.P. Koutchouk,
M. Lamm, S. Peggs, R. Ostojic, F. Ruggiero, J. Strait, J. Wei
and A. Zlobin.
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